The B 0 s → J/ψφ and B 0 s → J/ψf0(980) decays are analyzed within generalized QCD factorization including all leading-order corrections in αs. We point out that the ratio of our calculated widths,
I. INTRODUCTION
In the Standard Model, CP violation is predicted in weak decays thanks to the single phase of the CabibboKobayashi-Maskawa (CKM) matrix. It is also well known that such a weak phase is not sufficient to generate a CP violating decay amplitude. Strong phases are necessary and their strength may significantly enhance the effect of the weak phase. Therefore, hadronic effects, such as resonances of daughter particles in S-and higher waves, require a careful analysis in the determination of CP violating phases in hadronic two-and three-body decays [1] [2] [3] [4] .
The antimatter-matter asymmetry is expected to be very small in weak decays of B s mesons; any observed deviation may well be a signal of physics whose origins lie beyond the Standard Model. In the B ,
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Based on the QCD factorization (QCDF) formalism we perform a first robust calculation of the ratio R f0/φ . To this end, all the available observables (polarizations and branching ratio in B In Section II we introduce the general expressions for the B 0 s → J/ψφ and B 0 s → J/ψf 0 (980) weak decay amplitudes whereas Sections III and IV provide the details on the leading order corrections in α s for both these amplitudes, respectively. In Section V, we list all numerical values of input parameters and briefly recall our model for the B s → f 0 (980) transition form factor [10] on which the ratio R f0/φ directly depends; we also define the parametrization for the B s → φ form factor. Section VI is devoted to our results and, finally, conclusions are drawn in Section VII. It is important to realize beforehand that the application of QCDF, following Refs. [11] [12] [13] [14] , to B 0 s decays into a heavy-light final state is not self-evident. In both final states, φJ/ψ and f 0 (980)J/ψ, the s-spectator quark is absorbed by the light meson while the emitted meson is heavy, in which case QCDF is not reliable [11] . Nonetheless, as argued in Refs. [15, 16] and more rearXiv:1003.5980v3 [hep-ph] 18 Sep 2010 cently in Ref. [17] , the production of a heavy charmoniumpair bears "color transparency" properties similar to those of a light meson, provided this color-singlet pair is small compared to the inverse strong interaction scale, 1/Λ QCD . This was explicitly demonstrated in next-toleading order calculations for exclusive B decays to J/ψ final states (J/ψK, J/ψK * ), where infrared divergences were shown to cancel [15, 16] . In the following, we present the B 0 s decay amplitudes in which the short-and long-distance contributions are factorized in the approximation of a quasi two-body state, M 1 M 2 , where either M 1 M 2 = f 0 (980)J/ψ or M 1 M 2 = φJ/ψ. We begin with the B 0 s → φJ/ψ amplitude which can be written for each helicity, h = −1, 0, 1, as [14] ,
II. GENERAL FORM OF THE B
Summing over all the possible helicities, the squared modulus of the total amplitude reads
TheB 0 s → φJ/ψ decay amplitude is obtained by exchange of helicity signs, h = +1 → h = −1, and replacing λ q by its complex conjugate. The B 0 s → f 0 (980)J/ψ amplitude is,
The different elements entering in the amplitudes (2) and (4) are defined in Eqs. (6), (7), (15) , (22) and (24) . The CP conjugateB 0 s decay amplitude is again found by replacing λ q by its complex conjugate.
With the generic amplitude, A B 0 s →M1J/ψ , the branching ratio,
can be computed. The J/ψ mass is noted m J/ψ while m M1 = m f0(980) or m φ denote the f 0 (980) and φ masses; the triangle function is λ(x, y, z) = (x + y − z) 2 − 4xy. In Eq. 
with the Wolfenstein parameters A = 0.814, ρ = 0.1385, η = 0.358 and λ = 0.2257 [18] .
A. Non-perturbative amplitude
The case of the scalar-vector decay
The scalar-vector factor, A f0J/ψ , in Eq. (4) is given by,
where the hadronic matrix element which describes the transition between the B 0 s and a scalar meson, f 0 , with the respective four-momenta p B 0 s and p f0 is [19] , (q 2 ) are the vector and scalar form factors, respectively. In Eq. (7), the leptonic decay constant, f J/ψ , of the J/ψ vector meson, with four-momentum, p J/ψ , and polarisation, ε Mj ,+ , Mj ,− and Mj ,0 are eigenvectors of the helicity operator corresponding to the eigenvalues h = +1, −1 and 0, respectively.
The vector-vector factor, A h M1M2 , in Eq. (2) is
where, in the B 0 s rest-frame, the vector mesons M 1 and M 2 have opposite momentum p M1 = − p M2 along the z-direction and Mj ,0 · p Mj = 0.
The matrix hadronic element of a P → V transition can be decomposed into Lorentz invariants as [16, 19, 20] 
where the form factors
(q 2 ) obey the following exact relations,
as well as for q 2 = 0, A 
In Eq. (18b), the transition form factors
where the center-of-mass momentum | p B 0 s | is defined as,
with M ± = m J/ψ ± m φ . We note that a somewhat different form for A (h=0)
φJ/ψ was derived in Ref. [20] , which seems to approximate the vector mesons as light mesons. The form factors A (19) are defined in Section V. Ref. [14] asserts that when neglecting vector meson masses, Eq. (18a) reduces to,
The numerical effects in the calculated values of B 
The superscript, (h), explicits the helicity dependence of a q,h n (µ) in the case where B 0 s decays into two vector mesons. This superscript is dropped in the scalar-vector case. There is no flavor dependence in a q,h n (µ) for n = 1, 2. In Eq. (22) , the upper (lower) signs in C n±1 (µ) apply when n is odd (even) and
The Wilson coefficients, C n (µ), in the Naive Dimensional Regularization (NDR) scheme are taken at the hard scale m b for the vertex, V h n (J/ψ), and penguin, P q,h n (J/ψ), corrections, whereas in the hard scattering, H h n (M 1 J/ψ), amplitudes they are evaluated at m b /2 since those contributions involve the spectator quark. The strong coupling constants at these scales are α s (m b ) = 0.224 and α s (m b /2) = 0.286 [18] , while the number of active flavors is n F = 5, the color number N c = 3 and C F = (N 2 c − 1)/2N c .
C. Suppressed higher order corrections and possibility of new physics
There are no contributions, such as given by the annihilation operators derived in Ref. [13] , to the two decays considered here. This is because for the final states, J/ψφ and J/ψf 0 (980), both mesons are simultaneously flavor and color singlets. At tree level, for instance, the W ± exchange diagram produces the charmoniumcc, yet the creation of thess which hadronizes to an f 0 (980) or φ must proceed via multiple gluons or by means of photon/Z exchange. The annihilation is thus either strongly (Zweig) suppressed in α s or the suppression is in the electromagnetic coupling constant α em .
On the other hand, as will be discussed in Section VI, if we account for vertex, penguin and hard scattering corrections only, the B 0 s → J/ψφ observables are only moderately well reproduced. As can be seen in Table IX , the branching ratio, for instance, is about 20% too large (although still within the experimental errors). We therefore allow for additional phenomenological amplitudes that mock up "other" contributions, be it from annihilation topologies expected to be strongly suppressed or possible physics beyond the Standard Model [21] . These are included in Eqs. (2) and (4) with the amplitudes, ζ h and ζ, conveniently scaled as,
The factor B M1J/ψ is chosen to be a product of decay constants, either
if
if M 1 = φ, while the factor X C is a complex parameter discussed in Section V C. We note that the decay constant, f f0 , vanishes due to charge conjugation invariance, wherefore the scalar light cone distributions ampli-
, which is finite [22] . We shall return to this issue in Section IV.
Prior to discussing the various α s (µ) corrections to the amplitudes, a p,h n (µ), it may be of interest to observe the qualitative behavior of the ratio, R f0/φ , in terms of the scales Λ QCD and m b . A naive factorization analysis yields a hierarchy of helicity amplitudes for B into vector-vector decays [14] ,
while forB s mesons the signs are exchanged (h = +1 → h = −1). Furthermore, the amplitudes A (h=0) B 0 s →φJ/ψ and A B 0 s →f0J/ψ are of same order in Λ QCD /m b . With this estimation, the ratio R f0/φ we are interested in becomes,
Hence,
Nonetheless, non-perturbative hadronic effects can spoil the naive factorization and violate the hierarchy in Eq. (27) ; so do electromagnetic penguin contributions where a photon with small virtuality subsequently converts into a vector meson [23] .
III. QCDF CORRECTIONS FOR
Due to the structure of the four-quark operators in heavy quark effective theory and the conservation of the flavor quantum numbers, the final state M 1 M 2 = φJ/ψ is created from the transition B 0 s → φ and the production of J/ψ from vacuum. As discussed in Section II, the decay amplitudes at leading order in Λ QCD /m b and α s (m b ) are given by the factorized product of a transition form factor and a decay constant. Following Ref. [14] , we only give QCD corrections that explicitly appear in the amplitude A h B 0 s →φJ/ψ of Eq. (2). We discard terms proportional to r = (m J/ψ /m Bs ) 2 1/3 in vertex corrections which stem from the presence of the charm quark in the loop diagram; we have numerically checked that their contributions to the a q,h n (µ) coefficients are negligible, all the more so when seen in the light of the large hadronic uncertainties of the form factors [see Sections (V A) and (V B)]. We note that in the limit r → 0, one recovers the vertex correction known from, for example, B → ππ which is of course infrared safe.
Since the coefficients in the Gegenbauer expansion of the LCDA are poorly known for the scalar mesons, and only with non-negligible errors for the vector mesons V = φ and V = J/ψ, we limit ourselves to leading terms in the expansion. The leading twist-2 distribution and twist-3 two particle distribution amplitudes are approximated by
and
respectively. In the annihilation and hard scattering amplitudes, the chiral coefficient, r
where f ⊥ V (µ) is the transverse decay constant for any vector V and µ = m b /2.
A. Penguin contributions
The penguin contributions to the amplitude in Eq. (2) stems from the positive helicity, h = +1, amplitudes P q,h=+1 7,9
(J/ψ) given in Ref. [14] ,
whereas P q,h=−1 7,9 
for n ∈ {2, 3, 9}
whereas for h = −1 one has,
and for h = +1 one has,
C. Hard scattering contributions
The gluon exchange between a J/ψ meson and the spectator s-quark leads to the hard scattering amplitudes,
for h = 0, µ = m b /2 and λ B 0 s = 0.350 GeV [13] . The plus sign is for n = 2, 3, 9 and the minus sign for n = 5, 7. The phenomenological amplitude, X H , parametrizes the endpoint divergence of the scalar meson's LCDA and is defined in Eq. (54). For the helicity, h = +1, the correction reads
where the minus sign applies to n = 2, 3, 9 and the plus sign to n = 5, 7. The helicity, h = −1, contribution is simply,
IV. QCDF CORRECTIONS FOR B We now turn to the B 0 s → J/ψf 0 (980) transition for which the α s (µ) corrections are all included following Ref. [13] applied to an SV final state. For previously mentioned reasons, we solely employ the first nonvanishing leading term in the LCDA,
where B 1 (m b /2) = −0.54 [22] is the f 0 (980)'s first Gegenbauer moment and we remind that only odd moments contribute in case of charge-neutral scalar mesons. In particular, contrary to the pseudoscalar LCDA, the leading term 6x(1 − x)B 0 vanishes since B 0 = (m 1 (µ) − m 2 (µ))/m S , where m S is the scalar meson mass and m 1,2 (µ) its running quark masses. The scalar twist-3 two-particle distribution is given by
The asymptotic forms of the LCDA, φ J/ψ (x) (Eq. (29)) and ϕ J/ψ (x) (Eq. (30) 
A. Vertex contributions
At the order of α s (µ), the vertex correction, V n (J/ψ), involves the leading twist distribution, φ J/ψ (x), and a gluon kernel given in [13] . We derive from this the expressions,
with µ = m b .
B. Hard scattering contributions
The hard scattering correction in case of an f 0 J/ψ final state reads
where the plus sign applies to n = 2, 3, 9, the minus sign to n = 5, 7 and X H is given, as in the case of the φJ/ψ final state, by Eq. (54).
The chiral coefficient,r f0 χ (µ), enters Eq. (42) rather than r f0 χ (µ) defined as, Wilson coefficients at the µ = m b and µ = m b /2 scales in the NDR scheme [12] . The coefficients C7(µ) − C10(µ) must be multiplied by αe. The reason is that in case of neutral scalar mesons, m 1 (µ) = m 2 (µ) and r f0 χ (µ) diverges. On the other hand, it is known from C-conjugation invariance that the vector decay constant of the neutral scalar meson must vanish. However, the quark equations of motions yield a relation between the scalar-and vector-decay constants,f f0 and f f0 respectively:f
where m f0ff0 = 0|q 2 q 1 |f 0 . Sincef f0 is non-zero, the product f f0 m f0 /(m 1 (µ) − m 2 (µ)) is finite in the limit m 1 (µ) → m 2 (µ). We thus recombine, f f0 r [19] . Next, the A 1 (q 2 ) B 0 s →φ form factor is parametrized by 
B. B → S transition form factor
We studied the transition form factor, F (q 2 ), in a comparative calculation using a dispersion relation and a covariant light front dynamics model [10] . To our knowledge, this form factor has only been calculated recently in QCD sum rules [29, 30] and pQCD [31] for q 2 = 0 and must be extrapolated to the value F (m 2 J/ψ ). In our work [10] , the transition form factors are derived from the constituent quark three-point function, the vertices of which are the weak interaction coupling, γ µ (1−γ 5 ), and two phenomenological Bethe-Salpeter amplitudes for the B (s) and f 0 (980) mesons. While the B s can be parametrized with the leptonic decay constant (known from lattice-QCD simulations), the latter is more problematic since thef f s 0 is poorly determined. In an attempt to formulate a suitable scalar f 0 (980) vertex function, we constrained its parameters by means of experimental quasi two-body branching fractions, D (s) → f 0 (980)P , P = π, K. The advantage is that the F 
can be calculated for any physical time-like momentum 
The superscript s is a reminder that the transition is to thess component of the scalar meson and p 1 and p 2 are the B 0 s and f 0 (980) four-momenta, respectively. We do stress that the B s → f 0 (980) form factor calculated by us in Ref. [10] does not assume a puress state of the f 0 (980). Instead, it was treated as a mixture of strange and non-strangeqq components related by a mixing angle which also yields the related form factor F (q 2 ). This angle was determined with experimental constraints [10] and the overall normalization of the transition form factor receives contributions from both states.
The form factors F ± (q 2 ) (we suppress the flavor superscripts) are related to the set of vector and scalar form factors as,
The form factor F 1 (q 2 ) we obtain in both the dispersion relation and covariant light front dynamics approaches agree at the maximum recoil point q 2 = 0. At large four-momentum transfer, specifically for q 2 = m 2 J/ψ 10 GeV 2 , our model predictions differ significantly which is also known to occur for B → π transition form factors [32] . This is not surprising, as for large momentum transfers the final-state meson is less energetic and the soft physics of the bound states becomes more relevant. Since the models differ in their parametrization of the bound-state wave functions, it is clear that their inaccuracies are revealed in the form-factor predictions at large q 2 . In Ref. [30] , we deduce from the author's extrapolation parametrization that F 
C. Model parameters
The hard scattering contributions involve endpoint divergences, which we choose to parametrize by,
In case of a possible annihilation or "other" contribution we simply write,
which introduces four parameters, 0 < ρ C,H and 0 < φ C,H < 360
• . We assume that X 
VI. RESULTS AND EXPERIMENTAL DATA
In the B 0 s → φJ/ψ decay, one can define five observables: a longitudinal, parallel and perpendicular polarization fraction, f L , f and f ⊥ , respectively,
as well as two relative phases, φ and φ ⊥ ,
where we have abbreviated, Table III for the definition of LOV P , LOV P H and LOV P H + C amplitudes. 
The CP average is defined in terms of the polarization fractions, f k ,
Similarly, for B 0 s → f 0 (980)J/ψ, the CP average is defined as,
We use data from CDF and D∅ for the B 0 s → φJ/ψ decay, whereas there is no available data on the channel B [18] . The ratio R f0/φ has been argued [8] to be of the order 0.2 − 0.3, based on the knowledge of the experimental ratio of decay rates [34] ,
and an estimate of the semileptonic, integrated branching fraction ratio B(D
. The ratio R f0/φ was reassessed in terms of the differential decay ratio [36] ,
If we combine the above three experimental estimates, we propose a window of 0.2 R f0/φ 0.5 for the ratio based on D s decays. With the experimental data listed under Eq. (59) as constraint, we find optimal values for X C and X H . In principle, we deal with a system of four coupled nonlinear equations for |A L | 2 , A 2 , φ and B(B 0 s → φJ/ψ) and four variables, which does not put tight constraints on the phenomenological part of our B • ± 24.6
• .
The fourth column corresponds to the reproduction of the data with the parameters ρH , φH , ρC and φC displayed in the second line of Table II. LOV P LOV P H LOV P H + C Experimental (Prediction) (2 parameters) (4 parameters) data Table II , from which it is plain that the uncertainties on the magnitude of the modulus ρ C as well as the phase φ C are substantial. The experimental errors on the observables are clearly not constraining enough. Yet, we observe that the variations of X C and X H are smooth as a function of the decay constant f Table II and to Figure 3 . We remind that the dependence on f B 0 s enters the shortdistance coefficients via the hard-scattering contribution H h n (M 1 J/ψ) in Eq. (22) and that the phenomenological amplitudes, X H and X C , are in competition with each other. Therefore, the hard scattering contributions to a q,h n (m b ) in LOV P H are slightly different than those to LOV P H + C.
The largest values observed in the leading amplitude, a u,c 2 (m b ), are for h = 0. We also remark there is no variation as a function of f Bs in Table IV (Tables VII and  VIII) , is small, about 6 − 7% of the h = 0, +1 amplitudes in B s → φJ/ψ and 2% of the B s → f 0 J/ψ amplitude, yet dominant in the h = −1 amplitude devoid of penguin and hard scattering corrections. Thus, any contribution from new physics, and to less an extent annihilation topologies, should occur in the h = −1 helicity amplitude.
When including all the contributions (LOV P H + C), we qualitatively verify the hierarchy relation, |A
s →φJ/ψ | in the CP conjugate decayB 0 s → J/ψφ. These hierarchy relations are also reproduced for the amplitudes when they include, besides tree contributions, vertex, penguin and hard-scattering corrections.
Having determined numerical values for X H and X C , we can calculate the B Our prediction for the time-integrated asymmetry A CP (B s → f 0 J/ψ) is about one order of magnitude smaller than the Standard Model value, −2β s = −0.036.
We remark that the above numerical values for this CP asymmetry have to be interpreted with care -we choose the parameters of the full QCDF amplitude in Table II such that the experimental B 0 s → J/ψφ observables are reproduced. In doing so, we may deliberately include "new physics" effects with just the Standard Model amplitude, in particular via the additional amplitudes ζ (h) . Moreover, we use the same end-point parameterization, X H , in both decay channels since the B 0 s → J/ψf 0 branching ratio is not experimentally known. This approach seems reasonable, as the physics buried in these infrared divergences must be similar in both decays. It could also lead to an overestimation of the hardscattering contributions to B 0 s → J/ψf 0 as well as of
We illustrate the variation of the ratio, R f0/φ , by taking into account the uncertainties in the decay constants f −0.09 [10, 36] and [18] . The results are displayed in Figures 1-3 .
In Figure 1 , R f0/φ is plotted as a function of 2) and (4), the ratio R f0/φ exhibits three striking features:
• Additional amplitudes, ζ, can play a major role due to their large contributions to both the numerator and denominator of the ratio R f0/φ , as seen from the comparison of Figures 2 and 3.
• The predicted R f0/φ band overlaps well with the • The uncertainties on the f 0 (980) and φ decay rates increase the width of the band considerably, though the main uncertainty stems from the decay constants f B 0 s andf f0 .
Let us remind that the decay constantf f s 0 only enters the hard-scattering and additional phenomenological contributions (C) to the decay amplitude B 0 s → f 0 (980)J/ψ. If these are turned off, as in Figure 1 , the ratio R f0/φ is still significantly above 10% for realistic transition-form factor values. That said, for practical purposes we decide to only consider the more recently obtained decay constants in Ref. [22] and choose three values within the given errors,f f s 0 = 340, 380, 420 MeV. The value 180 MeV [25] yields too low branching fractions in other decays, for example B → f 0 (980)π, f 0 (980)ρ, f 0 (980)K ( * ) . Nevertheless, since we fix the hard-scattering parameters, ρ H and φ H , only via the decay B . This is still within the limits predicted by the experimental estimates, 0.2 R f0/φ 0.5, and implies an S-wave pollution.
We infer from our numerical results that S-wave kaons or pions under the φ peak in B 0 s → J/ψφ are very likely to originate from the similar decay B 0 s → J/ψf 0 . Therefore, the extraction of the mixing phase, −2β s , from B 0 s → J/ψφ may well be biased by this S-wave effect which should be taken into account in experimental analyses. In our interpretation of the full QCDF amplitude, we not only confirm the influence of S-wave contamination as advocated in Refs. [8] and [36] but also find that its effect could be sizable.
VII. CONCLUSIVE OUTLOOK
The "phase" of B In the present paper, we have taken a different path and studied the contamination of final state S-waves kaons in the B 0 s → J/ψφ channel by those originating from the f 0 (980) in the very similar B 0 s → J/ψf 0 (980) decay. We find that this effect is strong enough already for amplitudes including leading order, vertex and penguin corrections to create a real bias in the determination of −2β s .
Of course, we are aware that the phenomenological endpoint parametrization of α s corrections in the am-plitudes H n (M 1 J/ψ) and H h n (M 1 J/ψ) can cloud possible new physics contributions alongside the ζ (h) contributions. In this case, we suppose that any new effects should be of comparable magnitude in B 0 s → J/ψφ and B 0 s → J/ψf 0 (980). Therefore, the S-wave contamination would be on the upper side of the estimate we propound and future analyses of the mixing angle in B s decays should be concerned with this effect.
